The Qweak experiment at Jefferson Laboratory measures the parity violating asymmetry of polarized electrons scattering from a proton target at very low momentum transfer. In the Standard Model, this asymmetry reveals the proton's coupling to the neutral vector current, the weak charge. This value, measured directly for the first time, will provide a precision test of the Standard Model and will constrain the possibility of relevant physics beyond the Standard Model. The planned precision will probe certain classes of new physics at the 2 TeV scale. In order to challenge the precise predictions, the asymmetry will be measured with a 2.5 percent accuracy. To achieve such a precision, great care has to be taken on many aspects of the experiment. The very low momentum transfer reduces the hadronic effects to the asymmetry and must be determined to half of a percent accuracy. Beam stability is controlled and monitored constantly and background events are carefully studied.
I. INTRODUCTION
The measurement of the proton's weak charge follows a long and rich tradition of parity violating electron scattering (PVES) experiments. Homologous to the electric charge, the coupling strength of the electromagnetic interaction, the weak charge is the coupling strength of the weak interaction. Table I shows the list of electromagnetic and weak charges for particles relevant to the present discussion [4] . The weak mixing angle, θ W , has a value such that sin 2 θ W is about 1/4, leading to a very small value of the proton's weak charge, Q Figure 2 . While the reader is referred to [2] for the description of each mechanism, it is worth pointing out the complementarity of measuring the weak charge of the proton in parallel with the weak charge of the electron. Indeed, their deviations from the Standard Model predictions are different for each mechanism. For example, the proton's weak charge will be more sensitive to leptoquarks since the measurement contains leptons (the beam) and quarks (the target) at first order interaction whereas the electron's weak charge involves only leptons. Another scenario of complementarity is the R-parity violating supersymmetry (RPV SUSY) that violates either the baryon or lepton quantum number. In this type of supersymmetry, the proton and electron's weak charge difference from the SM prediction would be opposite in sign. Thus, a deviation seen only on the proton's weak charge (the leptoquark scenario) or with opposite sign to the electron measurement (the RPV SUSY scenario) would be valuable information to discriminate processes of physics beyond the Standard Model. [2] . Relative shifts induced by SUSY loops contributions are similar because the non-universal corrections experience significant cancellation. Relaxing the assumption of R-parity conservation (RPV SUSY), allows further non-universal interactions that could affect Q p W and Q e W differently. For the Z theory based on the E6 gauge group, the effect on both weak charges are also correlated, but can have either sign. Leptoquark exchange through PVES leads to a significant contribution only to the weak charge of the proton because the measurement involves leptons and quarks at tree level.
New physics can also be investigated through a model independent analysis. Figure 3 shows how Qweak's measurement will be sensitive to the ratio of a new interaction scale, Λ, over its coupling strength, g, (as function of the interaction mixing angle) determined by [3] . This measurement could improve the current limit by as much as 1 TeV at the 95% confidence level.
FIG. 3:
Constraints on model independent parity-violating physics beyond the standard model in terms of mass scale versus the flavor mixing angle θ h [3] . New parity-violating physics is ruled out at the 95% confidence level below the curves. The long-dashed red curves shows the current limit without parity-violating electron scattering data. The solid blue curve shows the current limit including parity-violating electron scattering experiment. The short-dashed green curve display the reach of the Qweak experiment assuming agreement with the Standard Model is observed.
II. MEASURING THE PROTON'S WEAK CHARGE THROUGH PVES
The Qweak experiment measures the weak charge of the proton through parity violating of longitudinally electrons scattering from unpolarized protons in a liquid hydrogen target. The setup has been designed to measure the rate of elastically scattered electrons. The measured rate asymmetry of alternating left and right helicity is related to the cross section asymmetry:
where σ L and σ R are the cross sections for right-and left-handed electrons, respectively. For elastic scattering, the measured asymmetry can be written as follow:
where G F is the Fermi coupling constant, Q 2 is the four-momentum transfer squared and α is the fine structure constant. The kinematic factors, functions of Q 2 and the scattering angle (in the laboratory frame), θ, are defined as follow,
The quantities
are the vector form factors of the proton associated with γ-and Z-exchange and G e A is the electron axial form factor.
In order to select elastically scattered electrons, the energy of the incident beam has been chosen to be 1.165 GeV and the scattering angle to be about 8 degrees leading to a small Q 2 of about 0.026 (GeV/c) 2 . In this kinematic range, the measured asymmetry can be rewritten explicitly as function of the proton's weak charge [3] :
where
and the second term, B, contains the effect of the hadronic structure of the proton. The proton's weak charge is determined by extrapolating the measured asymmetry to Q 2 = 0. This is done with the form factor measurements by previous PVES experiments as shown in Figure 4 . 
III. EXPERIMENT
The Qweak experiment, conducted in Hall C at Jefferson Laboratory, can be reduced to three components: a longitudinally polarized electron beam, a liquid hydrogen target and a detector system. Each of these components needs to meet its specification to reach the stringent goal of measuring the parity violating asymmetry of about 230 part-per-billion (ppb) with a 2.5% precision. The detailed error budget expected for the asymmetry determination and its translation into Q p W uncertainties is shown in Table II . The polarized electron source is based on photoemission by polarized light from a GaAs crystal. The high statistical needs of Qweak are fulfilled by a high current, between 150 and 180 µA, passing through the target. The helicity of the electron beam is controlled by the polarity of the voltage applied to a Pockels cell in the laser beam changing at a rate of 960 Hz. A set of monitors in the beam line measures the characteristics of the beam such as intensity and position which are also used to extrapolate the beam properties at the target. A position monitor located at a point where the beam is dispersed in momentum serves to analyze the energy.
The beam hits a 35 cm long aluminum cell filled with liquid hydrogen (LH 2 ). The LH 2 is maintained at 20K by a cryogenic system of 2500W cooling power. The target cell has been designed such that inhomogeneities in pressure and temperature are minimized. The variations in the density of the target induced by the beam are slower than the helicity reversal, making the target stable during an asymmetry measurement (performed over four helicity windows). In order to keep hydrogen from freezing, a heater takes over at the moment the beam switches off.
The scattered electrons exit the target at an angle of about 8 degrees to be measured by the detector system represented in Figure 5 . The elastically scattered electrons are selected by a series of collimators which define the Q 2 acceptance. An 8 segment toroidal magnet focuses the elastic electrons through another set of collimators onto the 8 mainČerenkov detectors. Each of theČerenkov radiator bars is 200 × 18 × 1.25 cm 3 and yield about 16 photo-electrons per track. At the end of each bar, a 5 inch photo-multiplier tube collects the photo-electrons. These bars work in an integrating mode, i.e. individual events are not counted but, rather, the integrated response over the beam burst is recorded. In order to increase the electron signal and reduce pion background, a 2 cm thick Pb pre-radiator was installed in front of each radiator bar. The pre-radiator, combined with further shielding, reduced soft background from about 10% to about 0.1%.
FIG. 5:
Layout of the Qweak experiment without the shielding. The electrons travel from left to right through the target, the first collimator set and the drift chambers, the toroidal magnet, the downstream drift chambers and the quartzČerenkov detector in dark red (not all elements are mentioned). The drift chambers are used only at lower current (the so-called counting mode) to determine the Q 2 .
In an ideal experiment, the above mentioned components would be enough, but backgrounds and variation of many parameters such as beam polarization and helicity correlated beam properties impose further considerations. Three important features of the experiment must be known at a precision level that is coherent with the expected error of the asymmetry shown in Table II . The measured asymmetry, A meas , is related to the PVES asymmetry as follow:
where P is the beam polarization and f is the dilution factor (i.e. the fraction of background over signal+background). Clearly, it is also essential to have an accurate knowledge of the polarization of the beam. Qweak aims for a 1% determination of the (often exceeded) 85% polarization. The first method of polarization measurement is through the Møller polarimeter, a well established method already used during previous experiments in Hall C. The method consists of inserting a polarized iron foil along the beam trajectory and use the polarization dependent feature of the Møller cross section to deduce the beam polarization. This method is invasive and must be performed at lower current (few µA) for about four hours. With this technique, beam polarization is measured about three times a week during normal conditions and after any intervention in the beam line that could have affected the beam properties. In order to determine the polarization while taking data, the Hall C beam line was equipped with a Compton polarimeter. A circularly polarized laser beam hits the electron beam and the polarization dependent feature of the cross section is used to determine the beam polarization. There are two detectors, one for the scattered electrons and one for the backscattered photons.
Both provide measurements of the polarization. Since this can be done in nominal conditions, the Compton polarimeter can fill the gap between the precise Møller measurements. The aluminum windows of the target cell are a major source of background because they contain neutrons which have a much stronger weak charge as can be seen in Table I . The effect of aluminum, leading to a correction of about 20%, must be known at a precision of a few percent and is investigated through simulation and by measurement of an empty target cell. Another element of interest in equation (5) is the Q 2 which has to be known at 1% accuracy. The Q 2 determination is achieved with two sets of drift chambers, upstream and downstream of the toroidal magnet. Due to the high rate of nominal beam current (150 − 180 µA), the measurement is performed at reduced current of about 50 pA. There is also a quartz scanner of 1 × 1 × 2 cm 3 fused silica located behind the main detectors which can either run with the reduced current and the full 180 µA. Hence, the scanner asserts that the scattered electrons measured by the drift chambers have the same kinematic profile as in nominal data taking.
The last term of equation (5) refers to correlations with helicity of various parameters such as beam energy, position and intensity. It should contribute no more than 0.5% of the final asymmetry measurement uncertainty. These errors are controlled by, first, monitoring and minimizing them during data taking and by correcting the remaining asymmetries at the analysis stage. In the analysis, the raw asymmetries are corrected using the equation:
where A raw is the uncorrected asymmetry, δM i are the differences in beam monitors correlated with helicity, and a i are the correction coefficients which are a measure of the sensitivity of the asymmetry to fluctuations in the beam parameters. Since the a i are measured concomitantly with data taking, they are valid for exact running conditions. A further protection against helicity correlated properties relies on the reversal of the helicity of the beam by independent methods. Using a half-wave plate at the source, the direction of the linear polarization of the laser light incident to the Pockels cell is inverted every eight hours. Furthermore, an even slower reversal through Wien rotation along the beam line is applied every week.
IV. RESULTS AND OUTLOOK
The first phase of the experiment has finished in May 2011 and Qweak has accumulated about 25% of the total statistical sample needed to achieve the 4 ppb error on the asymmetry. A selected sample of the measured asymmetries is shown in Figure 6 , where the effect of the slow reversal of the beam helicity by the insertable half-wave plate can be seen. At the current of 165 µA, the width of the measured asymmetry distribution is about 236 ppm. Combining the width of pure counting statistics, 215 ppm, to our determination of detector resolution, target fluctuations and current normalization, the width is expected to be 235 ppm. One therefore concludes that the resolution of the measurement is well understood.
The second and last phase will begin in November 2011 and finish in May 2012. The required conditions of the experiment are met and Qweak is on its way for a 4% measurement of the weak charge of the proton to challenge the Standard Model prediction.
